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Abstract
Within a theoretical study using both HYLANDER and RQMD, we revisit Bose-Einstein
correlation measurements of 200AGeV S+S and 160AGeV Pb+Pb. Transverse flow does not
show up in the Bose-Einstein measurements. The decrease of the effective transverse radius
parameters with increasing transverse average momentum of the particle pair is largely due to
the effect of resonance decays.
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In the ongoing search for the quark-gluon plasma (QGP), Bose-Einstein correlations (BEC)
of identical bosons have become an issue of great current interest. BEC serve as a tool in the
determination of radii (spatial extensions) and lifetimes (temporal extensions) of hadron emission
zones generated in relativistic nucleus-nucleus collisions [1]. However, the inverse widths of BEC
functions do not have a simple interpretation in terms of those radii and lifetimes. The inverse
widths or “correlation radii” have to be considered as combinations of space-time moments from
space-time densities (cf., e.g., ref. [2] and references therein). The phase-space distribution, or the
source function g(x, p), does not only depend on the space-time point x and the four-momentum
p of the emitted particles, but also on the temporal evolution of the hadron source (fireball) and,
more importantly, on the correlations among x and p [3]. Furthermore, it is known that BEC are
sensitive to the effects of the decay of unstable particles (resonances). Experimentally obtained
BEC functions are always averaged over certain phase-space regions and are therefore in general
sensitive to the specific kinematical regions under consideration. Because of the complications
involved in BEC, it is necessary to account for all known effects before we can draw conclusions
about new physics which might emerge in relativistic nucleus-nucleus collisions.
Recent theoretical studies [4]-[7] claim that the inverse widths of BEC functions in relativistic
heavy-ion collisions at CERN/SPS energies near 200 GeV per nucleon show a m⊥-scaling behavior,
namely that the size parameters are inversely proportional to the square-root of the transverse
mass,
√
m⊥. This idea was proposed earlier by Sinyukov et al. [8] in 1987, in which the authors
suggested that the longitudinal size parameter, R‖, should follow the m⊥-scaling:
R‖ ∝
√
Tf
m⊥
1
cosh(yK)
, (1)
where Tf and yK are the particle freeze-out temperature and rapidity of the particle pair,
respectively. The pair transverse mass is defined as m⊥ =
√
m2 + ~K2⊥ with the average transverse
momentum ~K⊥ = (~p1⊥ + ~p2⊥)/2 of the particle pair. This relationship has been indeed observed
in the longitudinal size parameter R‖ from the sulphur-induced high energy collisions [9] and the
effect is attributed to the collective expansion. Neglecting the resonance decays, the authors in refs.
[4]-[7] suggested that even in the transverse directions, size parameters Rout and Rside also follow
the same m⊥-scaling law. On the other hand, it has been shown that the effect of the resonance
decay strongly affect the inverse widths of the BEC [10]-[12].
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It is the purpose of this short note to study the m⊥-scaling behaviour by using two realis-
tic source models: HYLANDER [13] and RQMD [14]. This study includes effects of transverse
expansion and decay of resonances on BEC of identical particles. We shall first compare HYLAN-
DER results with recent measurements of S+S and Pb+Pb collisions. Then we will focus on the
m⊥-scaling issues by inspecting the m⊥-dependence of the size parameters calculated from both
models.
The HYLANDER model belongs to the class of models applying (3+1)-dimensional relativistic
one-fluid-dynamics (for other hydrodynamical models cf. [15] and refs. therein). HYLANDER pro-
vides fully three-dimensional numerical solutions of the hydrodynamical relativistic Euler-equations
[16]. The model has been successfully applied to several different heavy-ion collisions at SPS en-
ergies [17]. Once the initial conditions and the equation of state are specified, one obtains an
unambiguous solution from the hydrodynamical equations. The choice of a freeze-out condition
such as, e.g., that the expanding fluid reaches a fixed freeze-out temperature, Tf , determines the
final space-time geometry of the hydrodynamically expanding fireball. In particular, for 200AGeV
S+S and 160AGeV Pb+Pb central collisions, the calculation of single inclusive spectra of negative
hadrons and protons and BEC of negative pions and kaons was performed using the formalism
outlined in refs. [10, 11, 18]. Resonance decays were included in these calculations. The results for
BEC of negative pions and kaons have been published in refs. [10]-[12],[15].
In order to extract effective hadron source radii, the results of the BEC calculations have been
fitted to the Gaussian form1 which has been widely used by experimentalists for the presentation
of their BEC data (for the choice of the variables, cf. ref. [20]):
C2(~p1, ~p2) = 1 + λ exp
[
−1
2
(
q2‖R
2
‖(
~K) + q2sideR
2
side(
~K) + q2outR
2
out(
~K)
)]
. (2)
In eq. (2) ~p1, ~p2 are the momenta of the two emitted identical particles, whereas ~K denotes the
average momentum of the particle pair. The qi (i = ‖, side, out) are components of the momentum
difference vector ~q of the particle pair. It should be emphasized that in the present model λ ≡ λ( ~K)
does not represent the effect of coherence, but the momentum-dependent effective reduction of
the intercept due to the contributions from the decay of long-lived resonances (such as η, η′ ...
1If one performs a fit to a BEC function in more than one dimension, eq. (2) does not represent the most general
expression, because of the existence of an “out-longitudinal” cross term [19].
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etc.) [10]-[12],[15]. A characteristic property of particle production from an expanding source is
a correlation between the space-time point where a particle is emitted and its energy-momentum
[3]. As a consequence, the inverse widths Ri( ~K) (i = ‖, side, out) extracted from Bose-Einstein
correlation functions show a characteristic dependence of the average momentum of the pair, ~K,
and are therefore dependent on detector acceptances.
Fig. 1 (solid lines) shows the calculations for the effective radii R‖, Rside and Rout as functions of
the transverse momentumK⊥ of the pion pair compared to the corresponding NA35 and preliminary
NA49 data [9, 21], respectively. In order to make a comparison of the calculated effective radii with
the experimentally obtained ones, detector acceptances have been accounted for. In the case of
200AGeV S+S the effective radii have been calculated as functions of K⊥ at the rapidity of the
pair yK = 4.0 − ycm ≈ 1.0 . In the case of 160AGeV Pb+Pb the effective radii were calculated as
functions of K⊥ at yK = 4.5 − ycm ≈ 1.6. The effective longitudinal radii R‖ are evaluated in the
longitudinal comoving system (LCMS), with γ‖ = cosh(yK). All of these calculations, which in the
case of S+S had been true predictions, agree surprisingly well with the data.
The effective radii of only the directly emitted (thermal) negative pions, π−, (dashed lines) are
also plotted in Fig. 1. We can see that the effective radii of the directly emitted π− are smaller
compared to those of all π−, i.e., including the pions originating from resonance decays, and follow
a different K⊥-dependence. The effective radii for all pions are larger compared to the effective
radii of directly emitted pions, because the unstable particles (resonances) have a finite lifetime.
Within their lifetime the resonances can propagate to a distant location from their points of origin
(the fireball). While decaying the resonances generate a cloud of pion emission locations around
the actual fireball and therefore increase the effective size of the system.
Fig. 1 shows that the K⊥-dependence of the effective transverse radii of thermal pions is very
weak while the effective transverse radii of all pions significantly decrease as a function of K⊥.
In refs. [12, 15] it was explained that the hydrodynamical solutions express transverse expansion.
The two systems each have a maximum value for the transverse velocities: for 200AGeV S+S
we have a maximum transverse velocity umax⊥ (S) = 0.43 whereas for 160AGeV Pb+Pb we have
umax⊥ (Pb) = 0.61. The maximal values for the transverse velocities correspond to fluid cells which
have space-time rapidities η ≈ 0.5 · ln(t + z/t − z) equal to zero (t and z are the time and the
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longitudinal spacial coordinate, respectively). On the contrary, fluid cells with large space-time
rapidity have very small corresponding values for the transverse velocities at freeze-out (cf. Fig. 6
in ref. [15]). We have checked that in the phase-space regions, where the BEC data of the NA35
and NA49 Collaborations have been taken, the contributions to the BEC functions come mainly
from fluid cells with almost vanishing transverse velocity at freeze-out.
Transverse flow has two major effects on effective BEC radii. First there is an apparent re-
duction of the effective longitudinal radii, because the fluid also expands transversely. Secondly,
the transverse effective radii show a K⊥-dependence. For the particular hydrodynamical solutions
under consideration transverse flow results in a decrease of the transverse effective radii due to the
effects of relatively fast transverse inwardly moving rarefaction waves. In agreement with ref. [18],
the effective transverse radii of directly emitted negative pions plotted in Fig.1 show almost no
K⊥-dependence. But the effective radii of all π
− have a K⊥-dependence which would indicate a
present transverse flow in the data. Since there is no transverse flow in the considered phase-space
region as we have argued above, the decrease of the effective radii for all π− must have a differ-
ent reason. In fact, for smaller transverse momenta we have relatively larger contributions from
resonance decay to the BEC than at higher transverse momenta K⊥. Since the relative weight
of pions being produced directly compared to those originating from resonance decays enters in
the composition of BEC functions, the decrease of the effective radii of all pions with increasing
K⊥ can be understood in terms of the chemical composition at freeze-out as a function of particle
momenta. Resonance decays produce a pionic cloud that surrounds the fireball. This pion cloud
has in general larger spatial extensions (and a longer lifetime) than the fireball which emits the
direct pions. Thus relatively larger resonance contributions result in relatively larger correlation
radii and therefore, the decay of resonances is responsible for the decrease of the transverse radii
with increasing K⊥.
Let us now discuss m⊥-scaling according to refs. [4]-[7]. If m⊥-scaling would be present, we
would get
γ2‖R
2
‖(
~K) ≃ R2side( ~K) ≃ R2out( ~K) ∝
Tf
m⊥
. (3)
The HYLANDER BEC calculations for the transverse radii Rout andRside show an even stronger
decrease with K⊥ at midrapidity, i.e., yK = 0.0 (cf. Fig. 2 in ref. [10] and Fig. 3a in ref. [12]).
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In order to get a maximum effect due to a possible m⊥-scaling we show in Fig. 2 effective radii
calculated at yK = 0.0 and multiplied with
√
m⊥/Tf as a function of the pair transverse mass m⊥.
A present m⊥-scaling would result in a constant behaviour of the plotted quantities, i.e., there
would be no change with changing m⊥. Obviously, the effective radii multiplied with the factor√
m⊥/Tf do not show an independence of m⊥. Consequently, the effective radii R‖, Rside and Rout
(and those of only directly emitted π−) are not consistent with a simple m⊥-scaling behaviour in
this hydrodynamical model.
Up to now, we have based all of our arguments on the hydrodynamical model HYLANDER and
simplem⊥-scaling is found neither in the longitudinal direction, R‖, nor in the transverse directions,
Rout and Rside. In addition, we found that resonance decays increase the size parameters at low
transverse momenta dramatically.
To further understand the physics of the transverse momentum dependence of the size param-
eters, we made an additional test with the widely used transport model RQMD (v2.2) [22]. Using
the freeze-out phase-space distribution, g(x, p), we calculated the averaged pion size parameters
R‖, Rout, and Rside as a function of the pair transverse mass m⊥ for 160AGeV Pb+Pb central col-
lisions, multiplied with
√
m⊥/Tf and again at midrapidity, yK = 0.0. The results are shown in Fig.
3 where the solid lines represent all pions and dotted lines are for rescattered pions. Rescattered
pions do not originate from resonance decay at the moment of their last interaction. A temperature
parameter of Tf = 140MeV is used here [22]. The rescattered pions are similar to the thermal
pions from the hydrodynamical model calculations (see dashed lines in Figs. 1,2), because they are
emitted earlier.
It is well known by now that, due to rescatterings in the heavy-ion collisions, collective flow
manifests itself in the cascade type of calculations [23, 24]. In the Pb+Pb central collisions, the
averaged transverse flow velocity at midrapidity is about 40% of the speed of light. If the m⊥-
scaling [4] is correct, one would expect a flat distribution of the scaled size parameters
√
m⊥/TfRi
(i =‖, out, side) with respect the pair transverse mass, m⊥. However, Fig. 3 does not show such
a strong flow effect as proposed in ref. [4]. It is worth noting, that in a recent publication [25] on
S+Pb central collisions one indeed observed a m⊥-scaling. The corresponding RQMD predictions
which accounted for the exact experimental acceptance were consistent with the data. However,
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the experimental acceptance has a rapidity span larger than one unit and, at each transverse
momentum, the corresponding rapidity is different. Such an experimental effect may explain the
different m⊥-behaviour between the experimental results of NA35 [9] and NA44 [25] and also the
difference between our results in Fig. 3 and NA44.
To summarize, we have revisited Bose-Einstein correlation measurements for 200AGeV S+S and
160AGeV Pb+Pb. For the theoretical analysis we have used a hydrodynamical model (HYLAN-
DER) and a cascade model (RQMD). Within the experimental acceptance, the hydrodynamical
model results are consistent with the measured size parameters for both 200 AGeV S+S and 160
AGeV Pb+Pb central collisions. However, at midrapidity, no m⊥-scaling is seen in the results from
both model calculations. Resonance decays seem to play an important role in the Bose-Einstein
correlation radii. Our conclusion is also consistent with recent publications [26, 27].
We would like to thank D. Strottman for many helpful discussions and for reading the manu-
script carefully. N.X. thanks Professor Yuri I. Sinyukov and Dr. Heinz Sorge for many exciting
discussions on this matter. This work has been supported by the Departement of Energy.
7
References
[1] S. Pratt, in Quark-Gluon Plasma 2, edited by R.C. Hwa, (World Scientific Publ. Co., Singa-
pore, 1995), p.700; and D.H. Boal, C.-K. Gelbke, B.K. Jennings, Rev. Mod. Phys. 62 (1990)
553.
[2] B.R. Schlei, “Space-time extensions from space-time densities and Bose-Einstein correlations”,
Los Alamos preprint LA-UR-96-1614 (1996), submitted for publication to Phys. Lett. B.
[3] S. Pratt, Phys. Rev. Lett. 53 (1984) 1219.
[4] T. Cso¨rgo˝, P. Le´vai, and B. Lo¨rstad, “Numerical Study Of Spectrum And HBT Radii
For Three-Dimensionally Expanding Cylindrically Symmetric Finite Systems”, (1996) hep-
ph/9603373.
[5] T. Cso¨rgo˝ and B. Lo¨rstad, Proc. of XXV-th ISMPD, Stara Lesna, 1995 (World Scientific in
press, ed. L. Sandor et al.), hep-ph/9511404.
[6] B. Lo¨rstad, hep-ph/9509214, 1995 (unpublished).
[7] T. Cso¨rgo˝ and B. Lo¨rstad, CU-TP-717, LUNFD6/(NFFL-7082)-Rev (1994), hep-ph/9509213
(unpublished).
[8] A. Makhlin and Yu.I. Sinyukov, Z. Phys. C39 (1988) 69.
[9] T. Alber for the Collaborations NA35 and NA49, Nucl. Phys. A590 (1995) 453c; T. Alber et
al., Phys. Rev. Lett. 75 (1995) 3814.
[10] J. Bolz, U. Ornik, M. Plu¨mer, B.R. Schlei, R.M. Weiner, Phys. Lett. B300 (1993) 404.
[11] J. Bolz, U. Ornik, M. Plu¨mer, B.R. Schlei, R.M. Weiner, Phys. Rev. D47 (1993) 3860.
[12] B.R. Schlei, U. Ornik, M. Plu¨mer, D. Strottman, R.M. Weiner, Phys. Lett. B376 (1996) 212.
[13] U. Ornik, F. Pottag, R.M. Weiner, Phys. Rev. Lett. 63 (1989) 2641.
[14] H. Sorge et al., Phys. Lett. B289 (1992) 6; A. von Keitz et al., Phys. Lett. B263 (1991) 353;
and H. Sorge Pev. C52 (1995) 3291.
8
[15] U. Ornik, M. Plu¨mer, B.R. Schlei, D. Strottman, R.M. Weiner, “Hydrodynamical analysis of
symmetric nucleus-nucleus collisions at CERN/SPS energies”, Los Alamos preprint LA-UR-
96-1298 (1996), accepted for publication in Phys. Rev. C.
[16] L.D. Landau, E.M. Lifschitz, “Fluid mechanics” (Pergamon, New York, 1959).
[17] see refs. [10]-[13],[15]; and N. Arbex, U. Ornik, M. Plu¨mer, A. Timmermann and R.M. Weiner,
Phys. Lett. B345 (1995) 307; J. Bolz, U. Ornik, R.M. Weiner, Phys. Rev. C46 (1992) 2047; U.
Ornik and R.M. Weiner, Phys. Lett. B263 (1991) 503.
[18] B.R. Schlei, U. Ornik, M. Plu¨mer, R.M. Weiner, Phys. Lett. B293 (1992) 275.
[19] S. Chapman, P. Scotto, and U. Heinz, Phys. Rev. Lett. 74 (1995) 4400.
[20] G. Bertsch, M. Gong, and M. Tohyama, Phys. Rev. C37 (1988) 1896.
[21] Th. Alber et al., Phys. Rev. Lett. 74 (1995) 1303; Th. Alber et al., Z. Phys. C66 (1995) 77.
[22] H. Sorge, Phys. Lett. B373 (1996) 16.
[23] N. Xu, Proceedings 10th Winter Workshop on Nuclear Dynamics, Snowbird, Utah, Jan. 15-21,
World Scientific, J. Harris et al. ed. (1994) p.86.
[24] N. Xu, for the NA44 Collaboration, Proceedings of Quark Matter ’96, Heidelberg, Germany,
May 20-24, 1996, Los Alamos preprint LA-UR-96-2580.
[25] H. Beker et al., for the NA44 collaboration, Phys. Rev. Lett. 74 (1995) 3340.
[26] U.A. Wiedemann, P. Scotto, and U. Heinz, Phys. Rev. C53 (1996) 918.
[27] U. Heinz et al., hep-ph/9603011 v2 May 1996 and Proceedings of Quark Matter ’96, Heidelberg,
Germany, May 20-24, 1996, nucl-th/9608002.
9
Figure Captions
Fig. 1 Effective radii extracted from Bose-Einstein correlation functions of identical pions as a
function of the transverse average momentumK⊥ of the pion pair at rapidity yK = 4.0−ycm ≈
1.0 for 200AGeV S+S and at rapidity yK = 4.5−ycm ≈ 1.6 for 160AGeV Pb+Pb, respectively.
Solid lines correspond to all π−, i.e., including those from resonance decay, whereas the dashed
lines correspond to directly emitted (thermal) π−. The theoretical results are compared to
NA35 data [9, 21] and preliminary NA49 data [9].
Fig. 2 Effective radii extracted from Bose-Einstein correlation functions of identical pions mul-
tiplied with
√
m⊥/Tf as a function of the transverse mass m⊥ of the pion pair at rapidity
yK = 0.0 for 200AGeV S+S and for 160AGeV Pb+Pb, respectively. Solid lines correspond
to all π−, i.e., including those from resonance decay, whereas the dashed lines correspond to
directly emitted (thermal) π− only.
Fig. 3 Scaled radii from the transport model RQMD (v2.2). A freeze-out temperature of 140 MeV
is used in the figure. Similar to Fig. 2, one does not find the m⊥-scaling law in these radius
parameters.
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